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1. INTRODUCTION {#men12728-sec-0001}
===============

Over the last few years, there has been a growing interest in the use of noninvasive (NI) samples such as hair and faeces for studying the population genomics of wild animal populations (Ouborg, Pertoldi, Loeschcke, Bijlsma, & Hedrick, [2010](#men12728-bib-0035){ref-type="ref"}; Primmer, [2009](#men12728-bib-0038){ref-type="ref"}; Shafer et al., [2015](#men12728-bib-0042){ref-type="ref"}; Steiner, Putnam, Hoeck, & Ryder, [2013](#men12728-bib-0044){ref-type="ref"}). The use of NI samples is preferable for understanding animal population histories for two main reasons. First, by noninvasively collecting samples, no physical harm comes to the animal. This is in contrast to attempts of collecting blood or other tissues which also increases the risk of infection, elevates an individuals' stress and can alter behaviour and social group dynamics (Morin, Wallis, Moore, Chakraborty, & Woodruff, [1993](#men12728-bib-0032){ref-type="ref"}; Taberlet, Waits, & Luikart, [1999](#men12728-bib-0046){ref-type="ref"}). Second, the ability to use NI samples limits the need to rely upon samples collected from zoos, museums, sanctuaries or hunted animals. While such samples remain vital for a variety of research efforts, they are not always ideal, often lacking information on the geographic origin of the sample, and do not necessarily represent extant diversity of the species (Hofreiter, Siedel, Van Neer, & Vigilant, [2003](#men12728-bib-0018){ref-type="ref"}; Yu, Jensen‐Seaman, Chemnick, Ryder, & Li, [2004](#men12728-bib-0057){ref-type="ref"}). The two major disadvantages of NI samples are their (1) low endogenous DNA content and (2) their degraded DNA (Perry, Marioni, Melsted, & Gilad, [2010](#men12728-bib-0036){ref-type="ref"}). NI samples are generally a composite of genetic material derived from an individuals' own cells and from microorganisms living within, on, and/or around the biological source material, acting as a substrate for the nonendogenous DNA contributors. Further, NI samples are often collected in warm, humid environments that negatively impact the quality of cellular material over time. Resultantly, NI samples are not the most ideal source material for acquiring endogenous nucleic acids. For these reasons, studies using NI samples have been restricted to targeting a limited number of markers or genetic loci. Nevertheless, population genetic studies in great apes have been vitally successful in genotyping autosomal microsatellites (Fünfstück et al., [2014](#men12728-bib-0012){ref-type="ref"}, [2015](#men12728-bib-0013){ref-type="ref"}; Inoue et al., [2013](#men12728-bib-0019){ref-type="ref"}; Kanthaswamy, Kurushima, & Smith, [2006](#men12728-bib-0021){ref-type="ref"}; Morin et al., [1993](#men12728-bib-0032){ref-type="ref"}; Nater et al., [2013](#men12728-bib-0033){ref-type="ref"}; Thalmann, Fischer, Lankester, Pääbo, & Vigilant, [2007](#men12728-bib-0047){ref-type="ref"}), Y‐chromosome microsatellites (Arandjelovic et al., [2011](#men12728-bib-0002){ref-type="ref"}; Eriksson et al., [2006](#men12728-bib-0007){ref-type="ref"}; Erler, Stoneking, & Kayser, [2004](#men12728-bib-0008){ref-type="ref"}; Langergraber et al., [2014](#men12728-bib-0024){ref-type="ref"}), autosomal regions (Fischer, Wiebe, Pääbo, & Przeworski, [2004](#men12728-bib-0010){ref-type="ref"}; Fischer et al., [2011](#men12728-bib-0009){ref-type="ref"}; Hans et al., [2015](#men12728-bib-0017){ref-type="ref"}; Thalmann et al., [2007](#men12728-bib-0047){ref-type="ref"}) and the high copy number mitochondrial genome (Thalmann, Hebler, Poinar, Pääbo, & Vigilant, [2004](#men12728-bib-0048){ref-type="ref"}; Thalmann, Serre, et al., [2004](#men12728-bib-0049){ref-type="ref"}) from NI samples. These PCR‐based targeted genetic efforts are not limited to anthropologist but are common to all biologists in a variety of subdisciplines (Swenson, Taberlet, & Bellemain, [2011](#men12728-bib-0045){ref-type="ref"}; Wultsch, Waits, Hallerman, & Kelly, [2015](#men12728-bib-0054){ref-type="ref"}; Wultsch, Waits, & Kelly, [2014](#men12728-bib-0055){ref-type="ref"}), all of which could be aided by new techniques that could provide more data. To date, blood and other tissue sources have been widely used in genetic and population history studies (Lobon et al., [2016](#men12728-bib-0028){ref-type="ref"}; de Manuel et al., [2016](#men12728-bib-0006){ref-type="ref"}; Prado‐Martinez et al., [2013](#men12728-bib-0037){ref-type="ref"}; Rogers & Gibbs, [2014](#men12728-bib-0041){ref-type="ref"}; Xue et al., [2016](#men12728-bib-0056){ref-type="ref"}), and given the quality and quantity of such DNA, they will maintain their vital role in molecular research. However, in this current study, we take another step towards attenuating our dependency upon such samples for acquiring deep genomic data and improve upon the ability of biologist to study the genetic diversity of wild, extant populations, while minimizing direct interaction and contact.

Recent target enrichment methodologies have provided methodological advances in acquiring more information from NI samples (Perry et al., [2010](#men12728-bib-0036){ref-type="ref"}; Snyder‐Mackler et al., [2016](#men12728-bib-0043){ref-type="ref"}; Wall et al., [2016](#men12728-bib-0051){ref-type="ref"}). These enrichment methods are performed with the use of biotinylated RNA baits that hybridize with the DNA from species of interest, which are subsequently isolated and sequenced. These studies exemplify the potential of these methodologies for evolutionary, ecological, population and conservation genetic efforts.

Consequently, we used a commercial kit from Roche to target‐capture enrich and sequence the chimpanzee exome (57.5 Mb). The study design was chosen to allow for: (1) an evaluation of multiplex hybridization enrichment; (2) comparison between one and two rounds of hybridization enrichment; (3) the quantification of sample quality, defined here as the endogenous DNA content and level of DNA fragmentation, on performance; (4) measuring discordance among (a) hybridization replicates, (b) library replicates, (c) extract replicates and (d) faeces replicates; and finally (5) evaluating the potential utility of using replicates to increase data output. We have chosen to target the exome as it represents, relative to the genome, a small target space, which in this study is at 57.5 Mb. Moreover, with it being the protein‐coding portion of the genome, it is a prime target space for studies of natural selection, protein function and evolution and yet, also remains useful in estimations of population ancestry, inbreeding and potential geographic assignment. To the best of our knowledge, this study design is the first to explicitly evaluate the performance and difficulties of pooling multiple, complex NI samples for target enrichment of an exome, while also having been simplified by the utilization of a commercial kit. The goal of all these experiments is to provide a knowledge base and some basic guidelines and recommendations for biologists in the use of NI samples in their own genetic studies.

2. MATERIALS AND METHODS {#men12728-sec-0002}
========================

2.1. Samples {#men12728-sec-0003}
------------

This study employed 18 faecal samples derived from 17 individuals previously collected as a part of the Pan African Programme: The Cultured Chimpanzee project (PanAf; <http://panafrican.eva.mpg.de>; Kühl et al., [2016](#men12728-bib-0023){ref-type="ref"}; Vaidyanathan, [2011](#men12728-bib-0050){ref-type="ref"}). All PanAf chimpanzee faecal samples are collected from unhabituated chimpanzees from up to 3‐day‐old faecal piles using a two‐step ethanol‐silica preservation method (Nsubuga et al., [2004](#men12728-bib-0034){ref-type="ref"}). An initial subset of 48 collected samples was chosen as an initial screening panel. These 48 samples were chosen because they had previously performed well in other microsatellite genotyping assays indicating that they contained little to no inhibitory molecules (Arandjelovic et al., [2009](#men12728-bib-0001){ref-type="ref"}, [2011](#men12728-bib-0002){ref-type="ref"}). This was a minimal standard taken here to identify those samples of reasonable quality that should present no problems during library production. Arguably, a necessary step to limit the influence of inhibitors of PCR that may also detrimentally influence library preparation.

Each sample of the screening pool then had its' level of DNA degradation and endogenous DNA content measured. Here, degradation is the length distribution of DNA molecules, specifically we focused on the mean observed fragment length, and endogenous DNA content is defined as DNA derived from the source individuals' cells as opposed to gut microbial flora and/or environmental contaminants. Degradation was evaluated by running samples on a Fragment analyzer™ (Automated CE System 96 capillary, Advanced Analytical Technologies, Inc.), an automated system for the quantification and qualification of next‐generation sequencing (NGS) libraries, genomic DNA (gDNA) and RNA, following the manufacturer\'s instructions for the High Sensitivity Genomic DNA Analysis Kit (Cat. Number DNF‐488). Endogenous content was estimated by both qPCR and low‐depth shotgun sequencing of sample libraries. Libraries for low‐depth shotgun sequencing were prepared, for each sample, using published protocols for in‐house library preparation (Meyer & Kircher, [2010](#men12728-bib-0030){ref-type="ref"}).

From the screening pool, we chose 18 samples spanning the range of observed average fragmentation length and percentage of endogenous content. Samples were selected to span the range of these two quality summary statistics (Appendix [S1](#men12728-sup-0002){ref-type="supplementary-material"} Fig. S1). Two of these 18 faecal samples are derived from a single chimpanzee individual (Figure [1](#men12728-fig-0001){ref-type="fig"}, Exp.2), as determined by microsatellite genotyping carried out in independent unpublished work prior to this study (K. E. Langergraber, unpublished data). From each of these two faecal samples, we performed a second DNA extraction for the purpose of our second experimental design, outlined below. Neither of these two new DNA extracts were processed through the fragment analyser nor the endogenous content evaluated by low‐depth shotgun sequencing. In total, these 18 faecal samples resulted in a total of 20 faecal DNA (fDNA) extracts (Figure [1](#men12728-fig-0001){ref-type="fig"}) representing 17 unique individuals.

![Experiments scheme. Experiment 1: Sixteen libraries were pooled and captured in triplicate. Experiment 2: Two faecal samples from a single chimpanzee, each extracted twice resulting in four extracts. Two libraries from each of the extracts were created resulting in eight libraries. Libraries were combined into two pools (A, B) such that each extract is present once in each pool. Each pool then underwent a single round and two double rounds of capture](MEN-18-319-g001){#men12728-fig-0001}

All 18 faecal samples are derived from collections carried out at two different locations. Nine samples of the *Pan troglodytes troglodytes* subspecies were collected from Loango National park, Gabon (Arandjelovic et al., [2011](#men12728-bib-0002){ref-type="ref"}) and nine unpublished samples of the *Pan troglodytes schweinfurthii* subspecies from Kibale National Park, Uganda (K. E. Langergraber, unpublished data).

2.2. Experimental designs {#men12728-sec-0004}
-------------------------

### 2.2.1. Experiment 1 {#men12728-sec-0005}

To assess the performance and replicability of a capture enrichment experiment involving a pool of multiple individuals, we followed the subsequent steps. Sixteen individually indexed libraries, each deriving from a unique individual, were collected into a single master pool at an equimolar ratio. That pool was then split into three equal pools or "replicates." Each replicate pool then went through two rounds of target enrichment prior to sequencing on a lane of the HiSeq 2500 separate from the others. In the end, this experiment yielded data for 48 experimental units (Figure [1](#men12728-fig-0001){ref-type="fig"}).

### 2.2.2. Experiment 2 {#men12728-sec-0006}

The second experimental design was crafted to quantify the impact of wet laboratory technical variation on data acquisition and genotype discordance of a single sample, but also (1) to directly compare the realization of a single capture to that of a double capture and (2) to explore the information that may be gained by having faecal replicates, extract replicates, and/or library replicates in a study design. We define a faecal replicate as two or more unique faeces derived from a single chimpanzee. Extract replicates are two or more DNA extractions from a single faecal sample, and library replicates are two or more libraries produced from a single DNA extraction. Starting from a single chimpanzee, we identified two faecal samples derived from it (faecal or sample replicates). Then, from each of the sample replicates, we produced two DNA extracts (extract replicates), and from each extract, we produced two libraries (library replicates). Thus, from a single individual, we have a total of two faecal samples, four DNA extractions and eight uniquely indexed fDNA libraries (Figure [1](#men12728-fig-0001){ref-type="fig"}). From these eight libraries, we made two equimolar library pools. Library replicates derived from a single extract went into different pools. This was carried out to ensure that any one replicate level (library, extract or sample) was not correlated with the downstream enrichment experiment. Finally, each of the two pools was then subdivided into three equal pools. To evaluate the execution of multiple rounds of capture the first pool was captured once, the second and third pools were captured twice. In the end, this experiment yielded data for 24 experimental units (Figure [1](#men12728-fig-0001){ref-type="fig"}), and across both experiments, we total 72 experimental units.

2.3. Library preparation, hybridization and capture {#men12728-sec-0007}
---------------------------------------------------

Compared to what would be expected from DNA isolated from a fresh tissue source, all samples presented degradation. Across the initial 48 samples present in the screening panel, we observe a broad range of fragment lengths, with large inter‐ and intrasample variability. Average DNA fragment lengths across samples ranged from 23 to 3,700 bp. Nevertheless, for library preparation, each sample required further shearing to acquire a more normally distributed samples with average lengths around 200 bp (Appendix [S1](#men12728-sup-0002){ref-type="supplementary-material"}: Fig. S2). Genomic DNA was fragmented by shearing using a Covaris S2 focused ultrasonicator with the following settings for 200‐bp fragments: intensity 5, duty cycle 10%, cycles per burst 200, treatment time 120 s, temperature 7°C and water level 12. One concern about the fragmentation was that highly degraded samples, that is, those with lengths already near or below the target size of 200 bp, would be broken to shorter pieces. However, we did not observe this to be the case with the Bioanalyzer (Appendix [S1](#men12728-sup-0002){ref-type="supplementary-material"}: Fig. S2), and in addition, Covaris Inc. demonstrates that the smaller the size of the input DNA, an exponentially higher amount of energy is required to fragment it (<http://covarisinc.com/resources/faqs/>).

We built libraries, or indexed catalogs of the DNA molecules of our NI samples bound by known DNA sequences that allow for their sequencing, using the KAPA Library Preparation Kits (Cat. Number 07137923001). The SeqCap EZ Library SR User\'s Guide Version 5.1 was followed with some modifications described below. (1) Amount of starting material: for *Experiment 1,* we took 40 μl of each sample extract and added elution buffer up to a total volume of 53 μl (total DNA amount varied between 0.36 and 4.46 μg); for *Experiment 2,* we took 20 μl of each sample and added elution buffer up to a total of 53 μl (total DNA amount varied between 1.31 and 4.03 μg). (2) Reaction clean‐ups for the end‐repair and A‐tailing were performed with MinElute Reaction clean‐up spin columns (Cat. Number 28206) rather than Agencourt AMPure XP beads. This choice was made in an attempt to retain molecules smaller than 100 bp that could be overly abundant because of initial sample degradation. In our hands, the MinElute Reaction kit retains molecules down to \~50 bp, while SPRI‐beads retained molecules down to \~100 bp. After each clean‐up step, DNA was eluted in 20 μl of elution buffer. Reaction clean‐ups in columns may be advantageous for those who chose to modify or even not perform the size selection step detailed in the commercial user guide, because of excessive sample degradation. With appreciable variation in degradation patterns across samples and for simplicity and comprehensiveness evaluation of this protocol, we have chosen to perform the size selection subsequent to ligation clean‐up. After the ligation reaction, the first bead clean‐up was performed using 90 μl of Agencourt AMPure XP beads, and the following steps were performed following the protocol. (3) Amplification of each sample library was performed using the precapture LM‐PCR program, with a total of 12 cycles.

Libraries were quantified with an Agilent 2100 Bioanalyzer and DNA 1000 Assay kits and finally pooled depending on the experiment. *Experiment 1:* Equimolar pool of the sixteen libraries; *Experiment 2:* Two pools each containing four libraries, one from each extract (Figure [1](#men12728-fig-0001){ref-type="fig"}).

Nimblegen baits (Roche) for the chimpanzee exome (57.5 Mb) were designed using the panTro4 assembly (SeqCap EZ Developer Library, Cat Number 06740278001, four reactions; Exome target regions listed in Appendix S2). The SeqCap EZ Developer Library was diluted to carry out 16 reactions, as opposed to the commercial protocols suggested four reactions. To do so, PCR water was added directly to the commercial SeqCap EZ bait library bring the total volume to 72 μl (4.5 μl per hybridization). We define hybridization reaction as the process of hybridizing the Nimblegen baits with the DNA to enrich for the chimpanzee exome.

Each pool hybridization reaction was performed by adding 1.5 μg of the equimolar pool of 16 DNA libraries in *Experiment 1* and 0.24 μg of the equimolar pools of 4 DNA libraries in *Experiment 2* (Figure [1](#men12728-fig-0001){ref-type="fig"}), with 5 μl of COT Human DNA (1 mg/ml; contained in the SeqCap EZ Accessory Kit v2) and 2,000 pmol (or 2 μl) of the Multiplex Hybridization Enhancing Oligo Pool (1 μl of 1,000 pmol SeqCap HE Universal Oligo and 1 μl of the 1,000 pmol SeqCap HE Index Oligo pool). The DNA Library Pool/COT Human DNA/Multiplex Hybridization Enhancing Oligo Pool was dried in a DNA vacuum concentrator on high heat (+60°C). Subsequently, we added 7.5 μl of 2X Hybridization Buffer and 3 μl of Hybridization Component A, mixed it by vortexing and heated it to 95°C in a heat block for 10 min to denature the DNA. The Multiplex DNA Sample Library Pool/COT Human DNA/Multiplex Hybridization Enhancing Oligo Pool/Hybridization Cocktail was transferred to a 4.5 μl aliquot of EZ Developer Library (previously diluted) in a 0.2‐ml PCR tube, mixed, centrifuged and incubated in a thermocycler at +47°C for 36 hr. Afterwards, we washed following the commercial protocol and amplified the captured DNA using the Post‐Capture LM‐PCR program, with a total of 12 cycles.

Finally, we performed a second hybridization for the three pool replicates in *Experiment 1* and four pool replicates in *Experiment 2*, as illustrated in Figure [1](#men12728-fig-0001){ref-type="fig"}, following the same protocol as the first hybridization. Only the amount of starting material was altered, using for each of the second hybridizations all the material obtained after the PCR purification from the first hybridization. To limit the extent of PCR duplicates, the captured product of the second hybridization was amplified with eight PCR cycles rather than 12.

2.4. Sequencing, mapping and on‐target reads evaluation {#men12728-sec-0008}
-------------------------------------------------------

Library pools were merged (as shown in Figure [1](#men12728-fig-0001){ref-type="fig"}) and sequenced in three lanes of an Illumina HiSeq 2500 ultra‐high‐throughput sequencing system (125‐bp paired end); each lane contained one pool from *Experiment 1* and two pools from *Experiment 2*, with each pool contributing a third of the DNA loaded on the lane. For most analyses, the sequencing data were analysed separately by hybridization assay, due to the different conditions carried out in each experiment (i.e., Hyb 1‐9 in Figure [1](#men12728-fig-0001){ref-type="fig"}). Adapters from sequenced reads were trimmed using Trim Galore (version 0.4.0) and Cutadapt software (version 1.8.3; Krueger, [2016](#men12728-bib-0022){ref-type="ref"}; Martin, [2011](#men12728-bib-0029){ref-type="ref"}). Reads were aligned to the chimpanzee reference genome panTro4 (Feb. 2011, CSAC Pan_troglodytes‐2.1.4 (GCA_000001515.4) using BWA (version 0.7.12) with default alignment parameters (Li & Durbin, [2009](#men12728-bib-0026){ref-type="ref"}). Duplicates were removed after mapping using Picard Tools MarkDuplicates (version 1.95) with default parameters ("<http://broadinstitute.github.io/picard/>").

To derive high confidence results, we identified what we will hereinafter refer to as "reliable reads." Reliable reads are those that mapped to a single unique genomic location and mapped with a mapping quality score of 30 or higher. Any reference to "mapped reads" will refer to all reads that mapped, reliably or otherwise. A second unique nomenclature is "reliable reads on‐target," which are simply reliable reads that mapped to our target space. We obtained the number of reliable reads on‐target using the [bedtools intersectbed]{.smallcaps} command (version 2.22.1; Quinlan & Hall, [2010](#men12728-bib-0040){ref-type="ref"}). We intersected the target regions provided by Roche with the reliable reads and then counted the number of reads for each condition using the function samtools ‐c ([samtools]{.smallcaps} version 0.1.19; Li et al., [2009](#men12728-bib-0027){ref-type="ref"}). The percentage of reads on‐target was calculated by dividing the number of reads on‐target by the total number of reads mapped.

The effectiveness of the capture was evaluated by assessing the enrichment factor, capture sensitivity, capture specificity and library complexity. Enrichment factor (EF) was calculated as the ratio of the number of reliable reads on‐target and total reads sequenced divided by the ratio between target space (57.5 Mb) and genome size (\~3 Gb; Gupta et al., [2010](#men12728-bib-0016){ref-type="ref"}). Capture sensitivity (CS) was defined as the proportion of target regions with an average coverage of at least one, to the total number of target regions; and capture specificity (CSp) was defined as the percentage of unique reads mapping to target sequences, determined by the number of reliable reads on‐target divided by the total number of reliable reads (Jones & Good, [2016](#men12728-bib-0020){ref-type="ref"}). Library complexity (LC) was defined as the number of nonduplicated reads divided by the total number of reads mapped, where duplicated reads are those that have identical genomic location on both ends (Chen et al., [2012](#men12728-bib-0003){ref-type="ref"}; Daley & Smith, [2013](#men12728-bib-0004){ref-type="ref"}; Snyder‐Mackler et al., [2016](#men12728-bib-0043){ref-type="ref"}).$$\text{EF} = \frac{\text{Reliable\ reads\ on} - \text{target/Total\ reads}}{\text{Target\ space}\mspace{720mu}(57.5\,\text{Mb})/\text{Genome\ size}\,(3000\,\text{Mb})}$$ $$\text{CSp}\mspace{6mu} = \frac{\text{Reliable\ reads\ on} - \text{target}}{\text{Reliable\ reads}}$$ $$\text{CS}\mspace{6mu} = \frac{\text{Number\ target\ regions\ average\ coverage} \geq 1}{\text{Total\ number\ target\ regions}\,(295767)}$$ $$\text{LC}\mspace{6mu} = \frac{\text{Reliable\ reads}}{\text{Mapped\ reads}}$$

2.5. SNP calling, principal component analysis and allele balance {#men12728-sec-0009}
-----------------------------------------------------------------

SNPs were called using [freebayes]{.smallcaps} (version 0.9.20; Li, [2015](#men12728-bib-0025){ref-type="ref"}) with standard filters and no population priors for each lane of data. Sites with a quality score below 30 and a depth of coverage (DP) smaller than 4 were removed from further analysis, with the caveat that variants used in the principle component analysis were identified using a less stringent quality score of 20. SNPs were called on both an experimental unit level (*N* = 72) and on an individual level (*N* = 17). To call variants for an individual, the BAM files for each experimental unit derived from a unique individual chimpanzee were merged prior to running [freebayes]{.smallcaps}. Using [vcftools]{.smallcaps} (version 0.1.12, vcf‐isec and vcf‐merge; Danecek et al., [2011](#men12728-bib-0005){ref-type="ref"}), we then generated two unique VCF files. One with all experimental library units (*N* = 72) and a second VCF file combining data for individuals (*N* = 17) merged with whole‐genome sequencing data derived from 59 country‐referenced chimpanzees (de Manuel et al., [2016](#men12728-bib-0006){ref-type="ref"}).

The resulting VCF file of genotypes with the combined data from 72 individuals, generated in the previous step, was used in a principal component analysis (PCA) to ascertain the population structure among individuals using [plink]{.smallcaps} (version 1.90b; Purcell et al., [2007](#men12728-bib-0039){ref-type="ref"}). The VCF file with 72 library units was used in quantifying levels of heterozygosity, genotype distances among individuals and genotype discordance among experimental replicates. Genotyping distances and discordances were estimated from a genotype dosage file, produced by the ‐‐012 function in [vcftools]{.smallcaps}. Distances for both dendrogram inference and quantification were estimated by summing the absolute delta of the dosage calls between two libraries and then dividing by the number of markers compared. These latter analyses were carried out using bespoke R scripts.

The VCF file containing the 72 experimental library units was filtered to include only data from on‐target regions. From that filtered data set, all heterozygous sites for each individual were identified, and the number of reads that supported the reference allele at each variant as well as the total number of reads was recorded. Finally, the ratio of these two numbers (reference allele observation (RO)/read depth (DP)) was used to evaluate the distribution of allele imbalance, where we would expect an average ratio of 0.5 for balanced data.

2.6. Technical variation and replicate informativeness {#men12728-sec-0010}
------------------------------------------------------

To evaluate the effect that the different variables in *Experiments 1 and 2* have on assay performance, we carried out linear regressions and nested analysis of variance (ANOVA; Fisher, [1936](#men12728-bib-0011){ref-type="ref"}; Gelman, [2005](#men12728-bib-0014){ref-type="ref"}). In each analysis, we used, in turn, the observed number of raw reads acquired, CS, CSp, LC and EF as the response variable and evaluated faeces, extract, library, pool, hybridization, lane, amount of starting material, fragment degradation length and percentage of endogenous content as predictor variables in both univariate and multivariate analysis.

We also carried out subsampling analyses to evaluate library richness (amount of independent, unique and reliable reads) and determine the informativeness of replicates or the level of information gained by employing more than one faecal sample, extract or library from the same individual. BAM file subsampling was carried out in a range from 0.5 [m]{.smallcaps} to 6[ m]{.smallcaps}, with steps of 0.5[ m]{.smallcaps} reads on all experimental libraries (*N* = 24) in *Experiment 2*. Subsampled read bins of the same size were then merged by extract, and then faeces and finally individuals. As such, 2 [m]{.smallcaps} reads for "extract 1" are made up of 1 [m]{.smallcaps} reads from both libraries 17 and 18, and similarly, 20 [m]{.smallcaps} reads for individual "match1" are composed of 10  [m]{.smallcaps} reads from both faeces 1 and faeces 2. The subsampling itself was performed using [samtools]{.smallcaps} (view‐s; version 0.1.19; Li et al., [2009](#men12728-bib-0027){ref-type="ref"}).

3. RESULTS {#men12728-sec-0011}
==========

3.1. Sample selection {#men12728-sec-0012}
---------------------

Across all 48 samples in the screen panel, the estimated mean endogenous content, via the qPCR assay, was 0.78% (median = 0.087%, range = 0.007%--10.74%). Shotgun sequencing data for all samples yielded 7.6 million raw reads, with an average of 160 thousand raw reads per sample. A second estimation of endogenous content is the proportion of total reads that mapped to the reference using the shotgun sequencing data. On average, we observed 2.8% of raw reads mapping to the reference, with a median estimate of 1.1% and a range of 0.16%--24.6%. The proportion of reads that mapped does correlate with the estimated endogenous content of the sample as estimate by qPCR assay (Spearman rho = 0.73, *p* = 3.04e−9). However, the relationship between these two estimates of endogenous content was better explained by a quadratic function (multiple *R* ^2^ = 0.895) than a simple linear regression (multiple *R* ^2^ = 0.591) where we forced the intersect through zero (*F* = 75.31, *df* = 2, *p* = 4.36e−15). We chose to move forward with the proportion of shotgun mapped reads as our estimate for endogenous content as we anticipate it being a more accurate estimation of the proportion of molecules in a library that we will be attempting to enrich. The mean of the average fragment lengths, across all samples, was estimated at 1,391 bp (median = 1,356 bp, range = 23--3,700 bp). As such, from the distribution of mean fragment length and endogenous content, as measured by the proportion of mapped reads, we identified 18 faecal samples to move forward with (Appendix [S1](#men12728-sup-0002){ref-type="supplementary-material"}: Fig. S1). Their mean endogenous content was 4.4% (median = 1.5%, range = 0.19%--24.6%), and their mean average fragment length (degradation) was 1,463 bp (median = 1,408 bp, range = 265--2,452 bp). It is worth noting that no correlation between mean degradation (fragment length) and endogenous content, by either measure, was observed.

3.2. Sequence data summary {#men12728-sec-0013}
--------------------------

Across the 72 experimental units in this study, we acquired a total of 1,592 million raw reads from three lanes of an Illumina HiSeq 2500; this equates to an average 22.12 million reads, of which 20 million reads were mapped (Figure [2](#men12728-fig-0002){ref-type="fig"}a). However, just 41.4% of the raw reads were duplicate free across all experimental units, where read duplicates are assumed to be the product of PCR amplification during the experiment and thus redundant data. Of the 9.17 million duplicate free reads, an average of 8.33 million reads was of high quality and deemed "reliable," and 7.40 million or 33.46% of the raw data mapped to our target space. This equates to an average of 66.53% of the acquired data being composed of either PCR duplicates, off‐target reads or poor‐quality reads.

![Sequencing data summary. (a) Averages across all experiments (*N* = 72) and summaries for each experimental library in (b) Experiment 1 and (d) Experiment 2. (c) Correlation between the percentage of endogenous DNA of each of the 16 libraries from Experiment 1 and the number of raw reads sequenced](MEN-18-319-g002){#men12728-fig-0002}

3.3. Experiment 1 {#men12728-sec-0014}
-----------------

In *Experiment 1*, we used 16 different faecal DNA extracts from 16 different individuals to create a single pool of 16 DNA libraries for targeted capture sequencing (Figure [1](#men12728-fig-0001){ref-type="fig"}). Each of the three pool replicates was target enriched twice, in parallel. Each of the three hybridized pool replicates was sequenced on a different lane of the HiSeq2500, along with aliquots from *Experiment 2* (Figure [1](#men12728-fig-0001){ref-type="fig"}). Across the 48 (16 × 3) experiments, we acquired an average of 8.3 million reads, of which an average 2.5 million reads (30.2%) were declared reliable, that is, passed quality filters, were duplicate free, and mapped with no secondary alignment. Ninety‐four per cent of reliable reads, or 28% of raw reads, were reliable reads that mapped to our target space (Figure [2](#men12728-fig-0002){ref-type="fig"}b). Four other summary statistics that exemplify assay performance are EF, CS, CSp and LC (see Section [2](#men12728-sec-0002){ref-type="sec"} for nomenclature definitions). Across our 48 assays in *Experiment 1,* we observe an average EF of 12.6, along with a CS of 55%, CSp of 88%, and an average LC value of 0.34.

### 3.3.1. Variables affecting performance {#men12728-sec-0015}

Across all *Experiment 1* libraries (*N* = 48), we acquired an average of 8.3 million reads. However, the range of raw data acquired (0.74--45.9 million reads) for each library does vary substantially. In this experiment, each of the 16 libraries were pooled in equimolar ratio, as determined by electrophoretic and flow cytometric assays, followed by targeted hybridization performed in triplicate (Figure [1](#men12728-fig-0001){ref-type="fig"}). As such, under equal conditions, we would anticipate that amount of data acquired from each library would be relatively equal. However, with these NI samples, we found that the count of raw reads acquired for a library was strongly correlated with the endogenous content of the sample (Pearson\'s *r* = .887, *p* = 4.8e−17; Figure [2](#men12728-fig-0002){ref-type="fig"}c). In fact, when we fit the data to a linear regression model forcing the intercept to go through zero, we estimated a Beta value (effect size) of 1.59. That is to say, in this experiment, for each 1% increase in endogenous content we would predict an increase of 1.59 million raw reads acquired (Figure [2](#men12728-fig-0002){ref-type="fig"}c). With the exclusion of "library," all other assay variables, namely sample degradation, total DNA used in library prep, pool and hybridization, each explained significantly less of the overall variation in raw reads acquired in univariate analyses (Figure [3](#men12728-fig-0003){ref-type="fig"}aa). "Library" as an explanatory factor does explain more of the overall variation at 93.7% in raw read counts (Figure [3](#men12728-fig-0003){ref-type="fig"}aa). However, we want to emphasize that endogenous content, average degradation and total DNA used are each summary statistics of, and thus correlated with library. Indeed, we can see in Figure [3](#men12728-fig-0003){ref-type="fig"}ab that when fitting the same data to a multivariate model that only 12.5% of the variation in raw reads is explained by library. In brief, these observations indicates high within replicate similarity and significant distinction among libraries derived from a single biological sample and that sample endogenous content is the single most influential factor in the amount of raw data acquired in complex pools.

![Variance explained estimated as the eta‐squared statistic from ANOVA sum of squares for univariate and multivariate nested modelling in (a) Experiment 1 and (b) Experiment 2](MEN-18-319-g003){#men12728-fig-0003}

Reliable reads correlated with the number of raw reads acquired across all hybridizations in *Experiment 1* (Pearson\'s *r* = .97, *p* = 1.22e−21) and were thus also influenced by endogenous content. However, the proportion of raw reads that were reliable and mapped on‐target (mean = 24.2, range = 1.5%--51.3%) were better explained by the hybridization reaction (η^2^ = 39.6, *p* = 1.18e−5) than by endogenous content (η^2^ = 12.3%, *p* = 0.0145). Variation among libraries also had a significant univariate effect on these estimations; however, this signal was attenuated in the multivariate analysis. This observation directly parallels those for EF (Figure [3](#men12728-fig-0003){ref-type="fig"}ac), as the proportion of raw reads that were reliable on‐target make up the numerator of the EF calculation, while the denominator is a constant.

The estimation of CS is dependent upon the amount of raw data acquired. As such, we found that the variance explained by each explanatory variable, on CS, correlated with observations for raw reads acquired, as discussed above (Figure [3](#men12728-fig-0003){ref-type="fig"}ae). Yet, in multivariate analysis we observed a much greater effect of some unexplained component of library variation on CS (Figure [3](#men12728-fig-0003){ref-type="fig"}af, η^2^ = 59.9%, *p* = 1.09e−27), with replicates (libraries across hybridizations) correlating very well (Pearson\'s *r* = .99, *p* ⋘ 1.0e−4). For CSp, we observed a significant univariate effect for endogenous content (η^2^ = 0.089, *p* = 0.039) and total DNA used in library (η^2^ = 0.098, *p* = 0.03), yet it was once again some unexplained component of library variation that accounted for the vast majority of the variation in CSp in both univariate (Figure [3](#men12728-fig-0003){ref-type="fig"}ag; η^2^ = 0.95, *p* = 6.13e−19) and multivariate analysis (η^2^ = 0.805, *p* = 8.56e−18; Figure [3](#men12728-fig-0003){ref-type="fig"}ah). In contrast, LC is driven by stochastic variation among hybridizations (univariate: η^2^ = 0.842, *p* = 8.8e−19; multivariate: η^2^ = 0.842, *p* = 3.6e−22; Figure [3](#men12728-fig-0003){ref-type="fig"}ai,j). And yet, LC values correlated among replicates between hybridizations (Pearson\'s *r* \> .83, *p* ≪ 1e−4) indicating a consistent bias in hybridization performance among libraries within a hybridization experiment.

3.4. Experiment 2 {#men12728-sec-0016}
-----------------

*Experiment 2* was designed to use two samples from a single individual to evaluate the impact that different faecal samples, extracts, libraries, pools and hybridization types had on assay performance and the data acquired. Across the 24 experimental samples in *Experiment 2,* we acquired an average of 49.6 million raw reads (ranging from 6.0 to 192.8 million reads), of which 37.8% were qualified as reliable (range: 17.8%--54.6%), 84.3% of which mapped to our target space (range: 48.5%--95.4%; Figure [2](#men12728-fig-0002){ref-type="fig"}d).

### 3.4.1. Variables affecting performance {#men12728-sec-0017}

The variables that appeared most influential across assay performance statistics in *Experiment 2* were the faecal sample used, a proxy for endogenous content, and the hybridization type (one versus two). As seen in *Experiment 1*, it was the proportion of endogenous content that influenced the amount of raw data acquired. Again, we see here that the faecal sample used, a proxy of endogenous content, has a significant influence on the number of raw reads, EF and CS, explaining 56.9% (*p* = 6.23e−6), 31.5% (*p* = 2.9e−3) and 71.6% (*p* = 5.4e−8) of the overall variation across samples in univariate and multivariate modelling (Figure [3](#men12728-fig-0003){ref-type="fig"}ba,c,e and b,d,f), respectively. However, once again, EF, in addition to CSp and LC, is largely influenced by hybridization type, explaining, 28.6% (3.9e−3), 68.8% (*p* = 1.0e−5) and 49.4% (*p* = 1.0e−3), of the variation, respectively (Figure [3](#men12728-fig-0003){ref-type="fig"}bc,g,i and d,h,j).

Finally, we examined if performing two rounds of capture is better than performing just one. We have already illustrated that CSp, LC and EF are influenced by the type of hybridization (1 vs. 2). Figure [4](#men12728-fig-0004){ref-type="fig"} illustrates that two rounds of target enrichment capture increased EF (Figure [4](#men12728-fig-0004){ref-type="fig"}a) and CSp (Figure [4](#men12728-fig-0004){ref-type="fig"}c) but at the cost of LC (Figure [4](#men12728-fig-0004){ref-type="fig"}d). We found that two rounds of capture yielded an average EF of 19.3 and single capture enrichment an average EF of 12.3. These differences are significant when assuming normality of EF (*t* test *p* = 0.031) and when modelling EF in a univariate generalized linear model with an underlying gamma distribution (chi‐square *p* = 0.008), and as such would suggest that two rounds of capture yield a higher average enrichment factor than one round of capture. However, given that what we are truly after is acquiring enough unique, mapped DNA molecules to call genotypes (discussed below), we further evaluated how two rounds of capture affect the genotype calling. First, we observe that EF correlates with the number of genotyped positions (Pearson\'s *r* = .53, *p* = 0.0076). However, our best predictor of the number of genotypes called was the proportion of our target space covered at our minimum genotype calling depth threshold (Pearson\'s *r* = .99, *p* = 1.4e−27). As such, a better statistic to evaluate whether two rounds of capture are better than one is the number of variable sites genotyped as a function of the number of raw reads acquired (genotype count/number of raw reads). Using this statistic, we found that each raw read yielded on average 0.0259 and 0.0137 genotypes called in the double and single capture experiments, respectively. These values are significantly different assuming a normal distribution (*t* test, *p* = 0.007) and when modelling the data in a glm with an underlying gamma distribution (chisq, *p* = .005). As such, we estimate that one would need to acquire \~1.8× as many raw reads in a single capture experiment as in a double capture experiment to genotype the same number of variable positions. Thus, our data indicate that two rounds of target enrichment are more efficient than just one.

![Boxplots for (a) enrichment factor or EF, (b) capture sensitivity or CS, (c) capture specificity or CSp and (d) library complexity or LC as grouped by hybridization reaction. The hybridization reaction ids and descriptions are identified in Figure [1](#men12728-fig-0001){ref-type="fig"}](MEN-18-319-g004){#men12728-fig-0004}

### 3.4.2. Library richness {#men12728-sec-0018}

With each sequencing project, library richness is an important aspect of acquiring independent, unique and thus informative base calls for calling variable positions and measuring genetic diversity. In this re‐sampling experiment, we evaluated the extent of library richness or DNA molecule diversity (number of unique sequences that are present in the library). Libraries of low richness will reach an early plateau informing us that deeper sequencing will not provide us with a cost‐efficient abundance of unique, independent data. Conversely, libraries that do not reach a plateau retain unique data that can be retrieved by further sequencing. Library richness was determined by subsampling the bam files from 0.5 [m]{.smallcaps} to 6 [m]{.smallcaps} raw reads (every 0.5 [m]{.smallcaps}) for each library from lanes 2 and 3. For all subsampled BAM files, the number of reliable reads was filtered and then combined by library, extract, faecal sample and individual (Figure [5](#men12728-fig-0005){ref-type="fig"}a). We performed this analysis using only the data from *Experiment 2*, hybridizations 5, 6, 8 and 9 (two rounds of capture). We found that the two faecal samples, derived from the same individual, behave quite uniquely (Figure [5](#men12728-fig-0005){ref-type="fig"}a). Faecal sample 2 did not hit a plateau, suggesting that further sequencing on the captured library would continue to provide unique information. In contrast, molecule diversity was approaching exhaustion in the libraries and extracts derived from faecal sample 1. Note that libraries from the two faecal samples were mixed in different pools and hybridized in two hybridization experiments. The depletion of unique molecules with the increase in reads sampled did not correlate with pools or hybridization and was largely the product of the quality of the DNA in the faecal sample. In a complementary analysis, we also calculated the number of unique target regions covered by at least one unique read (Appendix [S1](#men12728-sup-0002){ref-type="supplementary-material"}: Fig. S3). Interestingly, both faecal samples exhibit similar rates of mapping unique reads to unmapped target regions with increased read sampling. However, faecal sample 2 has a more positive intersect consistent with other observations indicating better sample quality. Regardless, the data suggest that \~10 million raw reads are sufficient data to cover each target base (of the chimpanzee exome) at least once with a uniquely sequenced base.

![(a) Library richness: restricted to samples from Experiment 2; compared are library richness curves for each library, extraction and faeces from the same individual. Plotted are the number of reads subsampled in millions compared to the count of reliable reads mapped to our target space on the y‐axis. The inset shows the same plot for the total of 48 million reads subsampled (6 [m]{.smallcaps} reads × 8 libraries). (b) Estimations of the relative fold enrichment gained if one sampled a total *N* million reads not from the plotted sample, but *N*/2 million reads from itself and *N*/2 million reads from its replicate pair. Replicate pairs are as follows: (1) Lib17&18, Lib 19&20, Lib21&22, Lib23&24, Extract1&Extract2, Extract3&Extract4, Faeces1&Faeces2](MEN-18-319-g005){#men12728-fig-0005}

### 3.4.3. Potential gains from using replicates {#men12728-sec-0019}

As we saw above some NI samples may yield capture sequencing libraries that contain limited molecule diversity---a product of their low endogenous DNA content and DNA quality. Yet NI samples are typically hard to come by and precious, and thus, we would seek to maximize the information we may gain from them. As such, we evaluated how much additional information we may gain by processing multiple extracts and/or multiple libraries from a single NI sample (Figure [5](#men12728-fig-0005){ref-type="fig"}b). This evaluation will help us determine the realization of one library or two libraries from the same source when the resources are limited to a certain number of raw reads sequenced. Figure [5](#men12728-fig-0005){ref-type="fig"}b shows that combining libraries 17 and 18 into a single sample yields the extract 1 curve---an overall net increase in the number of reliable reads on‐target at any given depth of sequencing. Figure [5](#men12728-fig-0005){ref-type="fig"}b also indicates that a depth of 6 million reads (solid red Libraries 17 & 18), equates to a \~1.3×‐fold (30%) increase in information with the addition of the alternative library (if we add library 18 data to library 17) to the experiment. Extracts 1 and 2, both derived from faecal sample 1, were also quite unique -- and sure enough if we combined those two libraries in equimolar ratio prior to sequencing we would see a net gain in information (Figure [5](#men12728-fig-0005){ref-type="fig"}b; green faeces 1 curve) at an average of \~1.4× at 12 million raw reads (Figure [5](#men12728-fig-0005){ref-type="fig"}b; average of extracts 1 and 2 curves). Of course, that net gain is relative to the extract sample to start with (Figure [5](#men12728-fig-0005){ref-type="fig"}b). At 12 million raw reads, extract 1 would see a net enrichment of 1.5 with the addition of extract 2 to the experiment. Conversely, given that extract 2 performed better than extract 1 it would see only a 1.1 enrichment with the addition of extract 1 to the experiment. Nevertheless, the only negative enrichment or depletion of information seen is in adding faeces 1 to a study that already contains faeces 2 (Figure [5](#men12728-fig-0005){ref-type="fig"}b, faeces 2 curve). As such, when faced with multiple samples of significantly different quality, these results would suggest the use of better quality samples only. However, in all cases including more libraries from a single extract or even processing multiple extracts from a single NI sample provide more information by increasing overall library richness.

3.5. Allele imbalance {#men12728-sec-0020}
---------------------

One major concern with calling alleles with low‐quality samples and low coverage data is the relative balance of alleles at a variable position. Here, using allele imbalance estimations across all libraries (*N* = 69), with the exclusion of the N189‐10_LR16 contaminated sample, we observed a median estimate of 0.617 indicating a clear bias towards the reference allele (Appendix [S1](#men12728-sup-0002){ref-type="supplementary-material"}: Fig. S4). This is the same allele used in bait construction. Further, there is significant variation among libraries in their median estimates of allele balance. An estimated 84.6% of the total variation in median estimates is observed among libraries (*F*‐test, *p* = 3.75e−12), indicating strong similarities among library hybridization replicates. There is also a clear difference in the allele imbalance distribution between the two faecal samples in *Experiment 2*, with median estimates of 0.65 and 0.57 for faecal samples one and two, respectively (*t* test, *p* = 8.8e−9; Appendix [S1](#men12728-sup-0002){ref-type="supplementary-material"}: Fig. S4B). Overall, observations from both experiments 1 and 2 indicate that allelic imbalance is the product of the biological sample not the hybridization experiment nor the individual. Further, using data strictly from *Experiment 2*, we also observe that two rounds of hybridization does, on average, increase the median allele balance (0.602) as compared to one round of capture (0.589), but not significantly (*t* test, *p* = 0.37). Perhaps most interesting is the observed positive, and nonlinear association between allele imbalance and the number of reliable reads mapped to the target space (spearman rho = 0.80, *p* = 2.8e−11) *in Experiment* 1 (Appendix [S1](#men12728-sup-0002){ref-type="supplementary-material"}: Fig. S4A1), while in contrast there is a negative correlation for these same variables in *Experiment 2* (Pearson\'s *r* = −.715, *p* = 8.46e−5; Appendix [S1](#men12728-sup-0002){ref-type="supplementary-material"}: Fig. S4B1). But the important contrast between these two analyses is the distribution of reliable reads on‐target. When placing all of the data together we observe that up to about 10 million reads on‐target, there is a positive association between reads on‐target and allele imbalance, but beyond this point the association become negative and perhaps hits a plateau, in our data around 0.56 (Appendix [S1](#men12728-sup-0002){ref-type="supplementary-material"}: Fig. S4C). We speculate that the positive association is the product of low‐depth coverage across sites, which is attenuated, but not balanced, with an increase in coverage.

3.6. Observed genetic variation {#men12728-sec-0021}
-------------------------------

Across both experiments and all samples, we genotyped an average of 914,800 variable sites (range: 300--2.3 × 10^6^) at a minimum call depth of four reads. A single sample, N189‐10_LR16, exhibited a unique genotype profile and was excluded for its possible predation--contamination of another primate from the Cercopithecidae family (Watts & Amsler, [2013](#men12728-bib-0052){ref-type="ref"}; Watts & Mitani, [2015](#men12728-bib-0053){ref-type="ref"}; Appendix [S1](#men12728-sup-0002){ref-type="supplementary-material"}: File S1, Figure S5, S6 and Table S1). Its exclusion reduces the number of variable sites to 394.5 thousand sites on average (range: 138 ‐ 1007x10^6^) of which 328.5 thousand sites (range: 119--837.5 × 10^3^) are bi‐allelic, on average.

To evaluate the genotype discordance from each of the 72 experiments (24 libraries by 3 lanes) performed in this study, we first removed nine experiments belonging to three samples, GB‐18‐10_LR1 and GB‐36‐16_LR9 due to a low number of SNPs called, and N189‐10_LR16, because of possible contamination explained above. With the final 63 experiments, we performed a hierarchical cluster analysis and found that each individual library replicate was more similar with itself than with all nonself individuals (Figure [6](#men12728-fig-0006){ref-type="fig"}a). Further, all libraries in *Experiment 2* clustered together and separated by faecal sample. These observations indicate that even with minimum coverage, bias in allele calls and a variable number of markers to compare between libraries, the methodology is robust in replicating the genotype calling of a single biological sample. Importantly though, there are errors in the allele call rates among replicates. On average, library replicates exhibited an average discordance rate of 7.2% with a range from 1% to 9%. In *Experiment* 2, where all libraries are derived from a single chimpanzee, we observed a discordance among libraries within faecal samples to be 9% and 2%, and discordance between faeces to be 6%. Nonself allelic distances, for all libraries in *Experiment* 1, averaged at 21.2%. Indicating that while genotyping errors remain, largely due to the amount of data obtained, distance between different individuals is larger than discordances among replicates.

![(a) Genotype discordance dendrogram from 63 libraries (after removing libraries 1 and 9 due to the low amount of reads and library 16 because of potential contamination). (b) Principal component analysis (PCA) of study samples (squares) along with 59 other chimpanzee individuals from the Great Ape Genome Project (circles)](MEN-18-319-g006){#men12728-fig-0006}

3.7. Sample geographic origin {#men12728-sec-0022}
-----------------------------

Genetic ancestry was inferred for 14 of 17 individuals by intersecting our data with that of 59 country‐referenced chimpanzees (de Manuel et al., [2016](#men12728-bib-0006){ref-type="ref"}). As described above, the two samples with little coverage and the third individual presenting excess variation and Cercopithecidae contamination were not included in this analysis. Recall that study individuals are Central chimpanzee (*Pan troglodytes troglodytes*) from Gabon, and Eastern chimpanzee (*Pan troglodytes schweinfurthii*) from Uganda, while those from de Manuel et al. represent individuals from all four subspecies. Of the 4.6 million sites available from the SNP calling carried out, we kept 65,602 on‐target sites that passed quality filters and exhibited \<10% genotype missingness. Using PCA, we observe structure largely driven by the uniqueness of Western chimpanzees, as previously described (Gonder et al., [2011](#men12728-bib-0015){ref-type="ref"}; Mitchell et al., [2015](#men12728-bib-0031){ref-type="ref"}). Principle component 2 is driven by variation between central and eastern chimpanzees. As expected, our individuals cluster with their respective subspecies type of Central and Eastern chimpanzees (Figure [6](#men12728-fig-0006){ref-type="fig"}b). This observation is also consistent with our hierarchical clustering analysis that illustrated a monophyletic clade for each subspecies type (Figure [6](#men12728-fig-0006){ref-type="fig"}a).

Data from all samples with the information for statistical analysis and interpretation have been summarized in Table [S2](#men12728-sup-0001){ref-type="supplementary-material"}.

4. DISCUSSION {#men12728-sec-0023}
=============

The methodology presented here can be adapted to other designs, such as a selected set of SNPs, whole chromosome, or any targets of choice. However, one must consider the target space of the probes, the quantity of probes per target region and the amount of sequencing that has to be applied to obtain the desirable coverage. For those planning future experiments, our results suggest that endogenous content is the most important factor in this technology. As such, sampling as many specimens as possible will always be ideal. Second, when pooling samples for targeted capturing one should aim to pool samples with the most similar per cent of endogenous content to minimize the drowning of low content sample DNA molecules in the pool of those with better endogenous content. Third, when possible perform multiple DNA extracts per specimen and/or create multiple libraries per extract. This will enrich the molecule diversity derived from the sample and as seen in Figure [5](#men12728-fig-0005){ref-type="fig"}a and [5](#men12728-fig-0005){ref-type="fig"}b will help decrease the amount of sequencing necessary for a sample. Note that we are not advising researchers to sequence *N* reads per library, where *N* is the number of reads they estimate needing for a desired coverage. The data are, however, suggesting that sequencing *N*/*i* reads for each "*i*" library derived from a biological sample can pronouncedly increase the yield of unique informative data. This suggestion is additionally strengthened by cost‐efficiency of producing extra libraries vs the cost of more sequencing for a single library. Finally, what we are ultimately after is acquiring enough data to reliably genotype our samples. In our data, the number of genotypes correlates with the proportion of target space covered at our minimum calling depth (Pearson\'s *r* = 99.4, *p* = 1.4e−6). As such, to cover \~80% of the exonic target space at depth 4 we require an estimated mean coverage of 20×, and at 40× we cover \~95% of our target space at depth 4 (Figure [7](#men12728-fig-0007){ref-type="fig"}a). These values correspond to \~32 and \~60 million raw reads (Figure [7](#men12728-fig-0007){ref-type="fig"}b). The values are estimates for a target space that is 57.5 Mb. Importantly, the number of raw reads sampled directly influences mean coverage (91.6% of variance explained) and per cent target space covered (55% of variance explained). As such, we reiterate that researchers will gain an advantage by pooling libraries of similar endogenous content or by generating equi‐endogenous pools, where the estimates of endogenous content are used to equilibrate among libraries in a pool prior to hybridization and sequencing. Taking such a step will limit variability in data acquired among libraries influenced by endogenous content.

![(a) Dot plot illustrating the relationship between mean coverage and the percentage of the target space covered at depth 4. Data from all experiments were used (*N* = 72). (b) Correlation between the number of raw reads obtained and the mean coverage in all experiments](MEN-18-319-g007){#men12728-fig-0007}

We sequenced and capturing a total of 24 libraries from 17 chimpanzees with a 4‐reaction kit targeting the chimpanzee exome, accomplishing two rounds of hybridization from most of the libraries and with replicates. All of the above make our methodology affordable for many laboratories using a commercial kit, without having to produce their own baits. We estimate that the cost from all Roche kits for the library preparation (24 libraries) and hybridization (without sequencing), including clean‐up beads and purification columns, for the 72 experiments is around 450€ per library.

With our experiments, we have been able to demonstrate that target‐capture enrichment can be reliably used to capture target regions from the exome of NI samples. Moreover, we have demonstrated that at least 16 libraries can be pooled and sequenced while still obtaining a considerable number of reads on‐target. We have estimated that more genotype data are acquired for less sequencing data when performing two rounds of capture as opposed to one, when assaying NI samples. Moreover, we observe a certain allele imbalance towards the reference allele present in the probes, but we do not discern an elevated difference when comparing between one and two rounds of capture. Further, our data support the production of library replicates to increase data yield as well as the formation of equi‐endogenous pools. This latter suggestion will require the development of accurate and robust quantification assays, if not the possibility of low‐level shotgun sequencing. Finally, we hope that the evolutionary ecology field at large will find these results and suggestions a utility to their own research.
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